The rotational spectra of 3-bromothiophene in the excited states of two vibrational modes were observed and the rotational constants, the centrifugal distortion constants, and the nuclear quadrupole coupling constants were determined. The wave numbers of the two vibrational modes were evaluated to be 210 cm" 1 and 320 cm -1 by measuring relative intensities of the ground and excited vibrational transitions. Variations in the inertia defect for each of the vibrational modes are compared with the results of the approximate calculation.
Introduction
A study of the microwave spectrum of 3-bromothiophene in the ground state has been recently reported [1] . It was shown that this molecule has planar conformation with the C -Br bond held in the plane of thiophene ring. The present study was undertaken to investigate the rotational spectrum in the excited vibrational states.
The nuclear quadrupole interaction in the molecule, due to the bromine nucleus, causes each of the rotational energy levels to split into four sublevels and consequently makes the rotational transition complicated. The analysis of the hyperfine interaction requires to use first-and secondorder perturbation theory. In cases where there exist accidental near-degeneracies in the transition energy levels, care must be taken to include the secondorder perturbation energy.
For 2-chlorothiophene [2] and 2-bromothiophene [3] , a set of the satellite lines has been assigned to the excited state of an out-of-plane vibration of the carbon-halogen (CI, Br) bond. 3-bromothiophene is also expected to have some relatively low frequency modes involving the C-Br bond.
Experimental Details
The sample of 3-bromothiophene with 96% purity was purchased from Aldrich Chemical Company, Inc. and used without further purification. A conReprint requests to Dr. Y. Sasada, Laboratory for Basic Sciences, College of Engineering, Kanto Gakuin University, Kanazawa-ku, Yokohama, 236, Japan.
ventional Stark-modulated spectrometer with 100 kHz square-wave modulation was used. The microwave spectrum was observed in the frequency region from 8.2 GHz to 23.5 GHz. The measurements were performed between -20 °C and -25 °C with the sample pressure ranging from 15 mTorr to 40 mTorr. The precision of the measured frequency is roughly estimated to be 0.1 MHz. The relative intensity of the lines was measured by a technique developed by Esbitt and Wilson [4] ,
Microwave Spectrum in Excited State
Each of the ground-state R-branch transitions corresponding to the two isotopic species of the bromine nucleus, 79 Br and 81 Br, is accompanied by vibrational satellites having appreciable intensity and showing nuclear quadrupole hyperfine structure similar to that in the ground state. These spectra are assigned to a-type R-branch transitions with = 0 and AK +] = 1, and with AF=+\.
The assignment of the hyperfine structure is considerably facilitated by calculating hyperfine splittings using nuclear quadrupole perturbation theory. As predicted from the analysis of the spectrum in the ground state, the first-order perturbation is dominant and the second-order effects depend only on an off-diagonal element of the eQq tensor, X a b|, though its value is very small.
Weak vibrational satellites are observed at somewhat higher frequencies than the ground-state transitions and assigned to a first excited state. In addition, very weak satellites are observed at frequencies twice as far away from the ground-state lines than those of the first excited state and assigned to the second excited state. These lines of the two isotopic species are listed in Table 1 . The vibrational mode responsible for these two sets of satellites is designated as "mode I" for convenience.
On the other hand, the fairly weak vibrational satellites observed at lower frequencies than the ground-state transition are designated as "mode 11". These assigned transitions are shown in Table 2 . No other satellites are observed.
Analysis and Results
In order to determine the rotational constants and centrifugal distortion constants that yield the best fit to the hypothetical unsplit frequencies for the rotational transitions after correction for the nuclear quadrupole hyperfine splittings, a numerical method including least-squares analysis is used repeatedly. Although the centrifugal distortion effects on the rotational transitions presented by Watson [5] are estimated to be small in the excitedstate transitions as well as in the ground-state transitions, as a first step the constant, A j, among the quartic centrifugal distortion constants is included in the calculation. For the second-excited state. Aj is dropped because a better fit to the assigned transitions is obtained without it. As a result, the fitting to the theoretical transition frequencies is somewhat worse than that of the ground state. The precision of the constants in Table 3 is lower than that of the ground state. The differences between the hypothetical unsplit frequencies and the transition frequencies calculated using the constants of Table 3 are listed in Tables 1 and 2. As mentioned previously, the first-and secondorder perturbation energy, and for the nuclear quadrupole coupling effects in asymmetrictop molecules [6] can be obtained through the same procedure as described in [1] in detail. For the firstorder energy splittings (1) and (2), linear combinations of Wang's symmetric-top wave functions are employed [7] . The average values of the product of the direction cosines, then, can be computed readily by means of the procedure proposed by Schwendeman [8] . Thus, we can determine the values of y aa , y bb , and y ab by a least-squares fit to the observed splittings of the hyperfine components except for some of the transitions involved in the accidental near-degeneracy. The results for the two modes are listed in Table 4 . The tensor components in the C-Br bond axis system. y xx , and y vv , are obtained by a rotational transformation of the y tensor to the principal axis system. These values are also given in Table 4 . The sign of the y ab can not be determined from the analysis of the secondorder contribution alone. In the accidental neardegeneracy case, Wj' T ', (2) Relative intensity measurements are made on the selected transitions of the ground-and first-excited vibrational states of the 79 Br isotopic species.
Because of weakness and overlapping of the lines there are only a few transitions on which reliable measurements can be made. All measurements are carried out with the cell cooled to about -23 °C by a refrigerator. Care is taken to eliminate the usual sources of error, but the uncertainty is yet estimated to be about 20%. The results are shown in Table 5 . The vibrational-rotational interaction constants for the two isotopic species are given in Table 6 . It must be emphasized that the values of the mode I are quite different from those of the mode II in sign and magnitude. (14) a Uncertainties, in parentheses, are standard deviations of the fits.
Discussion
Valuable information on the planarity and the vibrational modes for a molecule can be obtained from the study of the inertia defect [9, 10] , The experimental values for the two modes are already given in Table 3 . The inertia defect due to the vibrational-rotational interaction in the planar molecule can be expressed by the formula
Here co, and co,-are vibrational fundamentals and the C's are Coriolis coupling constants. For a planar molecule, the large negative change of the inertia defect in going from the ground to the excited 
Although many of the successively excited states of the mode I are not found, it is reasonable to assume that the transitions are caused by the out-ofplane vibration of the C-Br bond. Then, from Table 3 , A,-A 0 =-1.077 amuA 2 for the 79 Br species and accordingly the value of co, is calculated to be 62.6 cm -1 from (4). The deviation from the value 210 cm -1 obtained from the relative intensity measurements is very large. It is uncertain whether these two results can be considered to be significantly different. We consider that the discrepancy comes from the interaction with the other low-frequency vibrational modes, because it can be seen that inclusion of the coupling terms in (3) results in a negative large value of A, for a>, < co s >.
Prior to the analysis of the interaction between the vibrational modes, the Raman spectrum of 3-bromothiophene in liquid phase was observed in the range 50 cm" 1 to 500 cm-' on a JACOM R-800
Raman spectrometer equipped with an argon ion laser (/. = 5145 A). Two medium peaks at 200 cm -1 and 243 cm -', and a strong sharp peak at 319 cm -1 are observed. Two other very weak peaks are detected at 393 cm"' and 465 cm -'. These values are consistent with those of the infrared absorption spectrum reported in [12] except for the line 393 cm"'. The vibrational modes of 3-substituted thiophene correspond closely to the results of the infrared and Raman spectra of 2-substituted thiophene [13, 14] , The vibrational fundamentals of halogenothiophene is also similar to those of halogenobenzene [15] . Although a complete infrared study of 3-bromothiophene for the vibrational modes of low frequency has not been made, it may be assumed that the lowest frequency line corresponds to the out-of-plane vibration involving the bromine nucleus and also the two lines of the nextlowest frequency to the in-plane vibrations. In the computation of Coriolis coupling constants we consider an approximate model in which the vibrations involving strong restorring forces can be treated independently of the rest. In addition, the bromine nucleus is bound to the "frozen" ring of thiophene, where the bonds and angles are rigid and the ring is replaced with a triangle made of the three carbon nuclei closed to the bromine nucleus.
In that case, we can calculate the apparent values of the C's by use of the approximate method [16] . For the mode II, the value of inertia defect is positive and very small as shown in Table 3 
since interaction between two in-plane vibrations produces a vibrational angular momentum only along the out-of-plane axis "c", [17] . Accordingly, we obtain A | -AQ = 0.062 amu A 2 in the case of OJS < &>, < using the calculated value (CK) 2 = 0.048 in (5) . and its value is close to the experimental value -0.072 amuA 2 .
This approximation would not suffice to safely estimate the inertia defect due to the vibrationalrotational interaction since it involves the assumptions discussed above, but the results show that the variations of the inertia defects have to be attributed to the appreciable interactions between the vibrational modes of the C-Br bond.
